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This study assesses the relation between hypothesized risk factors and African swine
fever virus (ASFV) distribution in Sardinia (Italy) after the beginning of the eradication
program in 1993, using a Bayesian multivariable logistic regression mixed model.
Results indicate that the probability of ASFV occurrence in Sardinia was associated
to particular socio-cultural, productive and economical factors found in the region,
particularly to large number of confined (i.e., closed) farms (most of them backyard),
high road density, high mean altitude, large number of open fattening farms, and large
number of pigs per commune. Conversely, large proportion of open farms with at
least one census and large proportion of open farms per commune, were found to be
protective factors for ASFV. Results suggest that basic preventive and control strategies,
such as yearly census or registration of the pigs per farm and better control of the
public lands where pigs are usually raised, together with endanced effords of outreach
and communication with pig producers should help in the success of the eradication
program for ASF in the Island. Methods and results presented here will inform decision
making to better control and eradicate ASF in Sardinia and in all those areas with similar
management and epidemiological conditions.
Keywords: Bayesian model, risk-based surveillance, eradication program, spatial epidemiology, backyard pigs
Introduction
African swine fever (ASF) is caused by the infection with a complex and large DNA virus (ASFV)
of the Asfarviridae family (Salas, 1999; Dixon et al., 2005). ASF is a haemorrhagic disease of pigs in
which clinical signs depend on the virulence of the ASFV isolate, dose, and route of infection and
host (domestic or wild pig). Clinical presentation may vary from a hyperacute form, with almost
100%mortality after 4–7 days post-infection, to a chronic or an asymptomatic form in which most
of animals may survive and become carriers (Sánchez-Vizcaíno et al., 2012).
African swine fever is, arguably, one of the most diﬃcult to control and economically devas-
tating viral diseases of pigs. Diﬃculty to control ASF and the economic impact of the disease are
consequence of a multiplicity of factors, including the role played by soft ticks (Ornithodoros genus)
on disease transmission, lack of an eﬀective vaccine to prevent ASF infection, long persistence of
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the virus in the environment and in pig products, presence of
asymptomatic and carrier animals, and severe restrictions to
the international trade of pigs and their products imposed to
regions in which the disease is known or suspected to be present
(Sánchez-Vizcaíno et al., 2012).
After the ﬁrst description of the disease by Montgomery
(1921) in Africa, the disease rapidly spread during 1960s and
1970s, from Sub-Saharan African countries into Europe, and
Central and South America. The ASFV also recently spread into
Georgia, Armenia, Azerbaijan, and the Russian Federation, which
are countries that were believed to be ASF-free prior to 2007
(Food and Agriculture Organization [FAO], 2009). ASF has been
eradicated from the Americas and Western Europe, with the
exception of the Mediterranean island of Sardinia, where the dis-
ease has been endemic since 1978. Although a rigorous European
Union (EU)-supported ASFV eradication program has been in
place in Sardinia since 1993 (EUOﬃcial Bulletin no. L 116, 1990),
ASFV outbreaks are still reported on an annual basis in the island
or even have increased in the last years in some areas. The ASF
eradication program for Sardinia has been continuously evolv-
ing, but the basics are found on the Council Decision of April 25,
1990 (EUOﬃcial Bulletin no. L 116, 1990) which comprises mea-
sures for (i) a rapid elimination of ASF outbreaks (i.e., immediate
killing, destruction, disinfection, and compensation of owners
after an outbreak, etc.), (ii) surveillance and protection of pig
farms (i.e., serological testing of pigs in high risk areas, epidemi-
ological outbreaks investigations, pre-movement tests, sampling
of wild pigs, etc.), (iii) identiﬁcation of pigs and pig farms, and
(iv) construction of facilities for sanitary control. Notice that the
ASF eradication program in Sardinia is similar to other ASF erad-
ication programs conducted, for example, in countries such as
Spain or Portugal, although in those two countries ASF has been
successfully eradicated.
Presence of ASF-infected territories in Sardinia seems not to
pose a major threat to the pig industry of EU-free regions, given
that only one outbreak was caused in northern Italy in 1983, by
illegal introduction of pork from Sardinia (Mannelli et al., 1998).
However, its presence inﬂicts severe economic losses, not only
for EU and Italy, because of the funds invested in ASF control
and eradication programs, but also for local producers due to
the trade restrictrions and the depreciation of their pig prod-
ucts. In studies conducted in the 1990s it has been hypothesized
that the ASF eradication program in Sardinia has failed because
of a variety of risk factors that characterize the traditional pig
management practices of farmers in the island, including, for
example, extensive premises with nil or insuﬃcient biosecurity
measures in place, illegal trade and production of pigs and pig,
presence of wild boars, and use of waste to feed pigs (Wilkinson,
1984; Mannelli et al., 1997, 1998). Conversely, there is no evi-
dence that soft ticks play any role in the maintenance or spread
of ASFV-infection in Sardinia (Ruiu et al., 1989). Noteworthy, no
peer-review recent studies have been published assessing associ-
ation between ASFV infection and epidemiological factors that
could inﬂuence disease occurrence in Sardinia after more than
15 years (1993–2011) of ASFV eradication program. Such knowl-
edgewill contribute to drive the allocation of human and ﬁnancial
resources to support the eradication of ASF in the only region
of the EU that remains endemic for the disease. Moreover, the
pig production and epidemiological situation in Sardinia may
be comparable to those observed in the regions that have been
recently infected in the Caucasus region and Russian Federation,
and for that reason, this study may contribute to better prevent
and control the disease also in those areas with similar man-
agement and epidemiological conditions (Food and Agriculture
Organization [FAO], 2009).
In the study here, Bayesian modeling was used to explore the
nature and extent of the association between ASF occurrence in
Sardinia from 1993 to 2009, and hypothesized risk factors for the
disease. Results will provide quantitative knowledge on the spatial
distribution of ASF in Sardinia and on factors that have inﬂu-
enced occurrence of ASF in Sardinia since 1993. Such knowledge
will help to improve the eﬀectiveness of ASF-eradication program
in Sardinia and in other ASF-infected territories.
Materials and Methods
Unit of Analysis and Data Collection
The unit of analysis here was the smallest administrative divi-
sion in Sardinia for which ASFV outbreaks were reported, which
is referred to as commune. The commune is the basic adminis-
trative unit of Italy and it may be considered the third level of
the country’s administrative organization, where the ﬁrst and sec-
ond administrative aggregations are the region and the province,
respectively. Sardinia, which is the second largest island in the
Mediterranean Sea, is one of the 20 regions of Italy and it is
divided in eight provinces and 376 communes. The mean area
of a commune in Sardinia is 64 Km2 (Figure 1).
An extensive review of the existing data on the distribu-
tion of potential risk factors for ASFV outbreak occurrence in
Sardinia was conducted to ensure the completeness and reliability
of the study. Firstly, potential risk factors for ASFV occurrence in
Sardinia were identiﬁed searching in “MEDLINE” and “ISI-Web
of Knowledge” databases by using a combination of English and
Italian keywords such as of “African swine fever,” “peste suina
africana,” “risk,” “Sardinia,” “Italy,” “epidemiology,” “cinghiale,”
etc. As a result of this literature review, 153 references were
selected; and the most updated and reliable information data
on the identiﬁed risk factors were gathered per commune from
national and international sources (Table 1). Moreover, selection
of risk factors was validated during an expert opinion elicitation
(including the administration of a paper questionnaire) con-
ducted on May 20th, 2010 in Oristano, Sardinia, in which more
than 25 local veterinary authorities involved in the current ASF
control and eradication program were asked to identify the main
risk factors for ASF occurrence in the island.
For each commune, information on the number of ASFV out-
breaks, pig and human demographics, pig movements and envi-
ronmental and geographic factors was collected. Speciﬁcally, the
number of ASFV outbreaks reported per commune from January
1993 to March 2009 was provided by the Istituto Zooproﬁlattico
Sperimentale della Sardegna and by the Istituto Zooproﬁlattico
Sperimentale dell’Umbria e delle Marche. Each farm conﬁrmed
as ASFV infected was considered an ASFV outbreak. For each
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FIGURE 1 | Provinces (dark lines) and commune (narrow gray lines) of
Sardinia region of Italy.
ASF outbreak information regarding the unique identiﬁer and
type of farm, farm location, number of pigs present on farm,
number of pigs with ASF compatible clinical symptoms, number
of death pigs, the day of ASFV detection on farm, day of ASFV
conﬁrmation by laboratory, and day of farm depopulation were
available.
Data regarding demographics, production type and pig move-
ments per commune in 2009 were obtained from the Italian
National Register (Anagrafe Nazionale Zootecnica – Statistiche,
2011). Brieﬂy, just consider that pig production in Sardinia is
characterized by traditional pig farming systems, with none or
low biosecurity measures in place, either in closed/conﬁned farms
(65.4%) or in open/extensive areas (34.6%). Most (77%) of pig
farms in Sardinia have less than 25 pigs on farm and more than
41% of the total number of farms are classiﬁed as farms for
familiar consumption.
The Corine Land Use (2000), from the European
Environmental Agency, was used to estimate the areas suitable
for the presence/absence of wild boar populations. All agro-
forestry areas, bushes and cork oak plantations (CLC_codes:
311–313 and 321–324) were selected as areas with potential
presence of wild boar populations, following Rolesu et al. (2007).
Other variables such as size of the human population, density
of roads, or water areas (i.e., rivers, lakes, or inland waterways),
density of grazing lands, and mean altitude were used as proxies
for the estimation of the potential feeding of pigs with waste food,
legal, or illegal pig trade and the presence of illegal free range
pigs, respectively. For example, mean altitude per commune was
computed based on detailed (20 m2) raster maps provided by the
Istituto Zooproﬁlattico Sperimentale della Sardegna using the
zonal statistic function on ArcMap 9.2 (ESRI R©). Size of human
population per commune in 2009 was obtained from the Istituto
Nazionale di Statistica [ISTAT] (2011). Roads, water areas and
mean altitude were obtained from the Regional Geographical
Service (Servizio Informativo e Cartograﬁco Regionale, Regione
Sardegna, 2011). All available information was organized and
stored in a Microsoft R© Oﬃce Access 2007 database.
Although sources and data used for this study were, to the
best of the authors’ knowledge, the most complete and reliable
information available, information regarding pig farms and pig
population is imperfect, as it has been highlighted in the Italian
National Register (Anagrafe Nazionale Zootecnica – Statistiche,
2011). Moreover, it should be noticed that although data regard-
ing ASF outbreaks corresponded to 1993–2009, covariate infor-
mation available to us was collected only in 2009. Because a
wide year-to-year ﬂuctuations in the traditional pig demograph-
ics, movements and husbandry system in Sardinia was considered
unlikely as suggested by Mannelli et al. (1998), the assumption
that information in 2009 was representative of the entire period
was considered an acceptable simpliﬁcation of our model.
Model Approach
A Bayesian multivariable logistic regression mixed model was
used to quantify the strength of the association between ASFV-
infected communes and epidemiological factors hypothesized to
inﬂuence the presence of ASF in Sardinia. The response variable
was whether or not the commune reported ASF outbreaks from
1993 to 2009 (yes, no). Candidate variables to ﬁt the prediction
were each of the 29 epidemiological factors for which informa-
tion was collected and their second-order interactions (Table 1).
Candidate variables were alternative modeled as standardized
continuous variables or categorized as binomial variables (above,
below the median). After identifying a strong spatial structure in
the data using a Bernoulli scan statistic model (SaTScan v9.1.1.),
we decided to include in the model spatially structured (Si) and
unstructured (U i) random eﬀects to account for unmeasured
factors that had some spatial structure and that were randomly
distributed, respectively. Non-informative Normal priors of the
form (0, 4) were used for the intercept and the regression coef-
ﬁcients. A non-informative normal prior with mean = 0 and
precision = dgamma (0.5, 0.001) was assumed for U i. An intrin-
sic Gaussian autoregressive (CAR) structure was used to model
Si, where the prior distribution of each Si was conditional on the
value of the response variable in an adjacent commune (i.e., those
communes sharing common boundaries). The precision for Si
was assumed to be dgamma (0.5, 0.001).
The model was ﬁtted using WinBUGS v.1.4. (Spiegelhalter
et al., 2002), with 20,000 iterations, after the ﬁrst 1,000 samples
were discarded as burn-in. Model was built by using a man-
ual forward selection process (i.e., introducing one variable at
a time). The model with the lowest deviance information cri-
terion (DIC) value was considered the one that best ﬁtted the
data (Spiegelhalter et al., 2002). R2WinBUGS package (Sturtz
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et al., 2005) in R-language software (R Development core team,
2011) was used to run the models in WinBUGS 1.4. The ﬁnal
model was assessed using autocorrelation plots to visually ver-
ify absence of autocorrelation in the predictions. Convergence of
the model was also checked by using Gelman–Rubin Plots. The
standard deviations (SD) of Si and U i were used to compare the
variability of structured and unstructured random eﬀects, as a
proxy to estimate whether epidemiological factors not included in
the model were spatially correlated or not. Maps were generated
using ArcMap 9.2 (ESRI
R©
).
Results
African swine fever outbreaks in Sardinia were spatially clus-
tered, as indicated by the two signiﬁcant clusters found
with the Bernoulli scan statistic model (Figure 2) and
by the much larger value of the DIC when the spatially
structured random eﬀect Si was removed from the model
(DIC = 408.96), compared with the model with Si imple-
mented on it (DIC = 267.00). The monthly number of
ASF reported outbreaks from 1993 and 2009 is presented in
Figure 3.
The model that best ﬁtted the data (DIC = 220.88) included
14 variables; however, only four of them (namely, the propor-
tion of open farms with at least one census, the number of
conﬁned/closed farms, the density of roads and, the mean alti-
tude) were signiﬁcantly (P < 0.05) associated with ASF status
(Table 2). The number of open fattening farms, the total number
of pigs, and the proportion of open farms were marginal signif-
icant (P < 0.1).The spatial distribution of signiﬁcant variables is
shown in Figure 4.
TABLE 1 | List of variables used in the Bayesian model for African swine fever in Sardinia.
Variable Mean (min, max)∗ Standardized Binomial (Codification
0/1 using median)
Source
(1) The number of open fattening farms 4 (0, 61) YES na A
(2) The number of open farms for self-consumption 17 (0, 146) YES YES A
(3) The number of open farrowing farms 20 (0, 366) YES YES A
(4) The number of open farms with no specification of the production type. 3 (0, 46) YES na A
(5) The number of confined/closed farms 23 (0, 153) YES YES A
(6) The total number of open farms 44 (0, 421) YES YES A
(7) The number of sows 143 (0, 864) na YES A
(8) The number of boars 37 (0, 511) YES YES A
(9) The total number of pigs 226 (0, 912) YES YES A
(10) The average number of farms with incoming or outgoing pig
movements per month
1 (0, 28) YES YES A
(11) The average number of pigs introduced into farms per month 10 (0, 433) YES YES A
(12) The average number of pigs leaving farms per month 77 (0, 5886) YES YES A
(13) The average number of pigs sent to the slaughterhouse per month 73 (0, 5884) YES YES A
(14) The average number of new born pigs per month 5 (0, 273) YES na A
(15) The area of the Commune (Km2) 64 (3, 545) YES na B
(16) The mean altitude (meters) 663 (305, 1991) YES YES B
(17) The density of water areas 0.32 (0, 6.09) YES YES B
(18) The density of roads 0.27 (0, 0.83) YES YES B
(19) The proportion of areas suitable for wild boar presence (%) 50 (0, 99) YES YES C
(20) The proportion of open farms with at least one census (i.e., farms
declaring the number of pigs on farm at least once per year; %)
80 (2, 100) YES YES A
(21) The number of male people 2176 (50, 72684) YES YES D
(22) The number of female people 2263 (44, 84267) YES YES D
(23) The number of people (human population) 4439 (94, 156951) YES YES D
(24) The mean farm size (number of pigs/number of farms) 4 (0, 29) YES YES A
(25) Pig density (number of pigs/Km2 ) 5 (0, 39) YES YES A
(26) Open farm density (number of farms/Km2 ) 1 (0, 5) YES YES A
(27) Proportion of open farms (number of open farms/total farms) (%) 69 (0, 100) YES YES A
(28) Density of grazing areas in the commune (Km2) 1432 (0, 27806) YES YES B
(29) Proportion of area used as grazing areas in the commune (density of
grazing areas in the commune Km2/ total area of the commune in Km2) (%)
20 (0, 75) YES YES B
∗descriptive statistics of the original (i.e., not standardized) variable.
na = Not applicable
A = Anagrafe Nazionale Zootecnica – Statistiche (2011).
B = Servizio Informativo e Cartografico Regionale, Regione Sardegna (2011).
C = Corine Land Use (2000) and Rolesu et al. (2007).
D = Istituto Nazionale di Statistica [ISTAT] (2011).
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FIGURE 2 | Spatial distribution of African swine fever virus (ASFV)
positive (gray filled) communes in Sardinia from 1993 to 2009 with
detail of the location (red border) and relative risk values (numbers) for
the two significant spatial clusters obtained in a Bernoulli spatial scan
statistic model.
The posterior probability of ASFV occurrence in Sardinia
predicted by the ﬁtted model resembled the spatial structure
of the disease observed in the data, with areas at highest risk
concentrated in Nuoro, Ogliastra, Olbia-Tempio, and Oristano
provinces (Figure 5).
The SD of Si (3.497) was substantially larger than SD of U i
(4.77·10−6) in the ﬁnal model (Figure 6), which indicates that
eﬀects not included into the model were spatially structured.
Two interactions were also found to contribute to the ASF pre-
diction in the ﬁnal model (Table 2). Speciﬁcally, in communes
where the total number of pigs was greater than the median, an
increase in the density of roads was associated with an increase
in the predicted probability of ASFV occurrence in Sardinia.
Similarly, communes where the total number of pigs was smaller
than the median of all communes, an increase in the mean alti-
tude was associated with an increase in the predicted probability
of ASFV.
Convergence of the model was obtained after the ﬁrst 200 iter-
ations and no problems with autocorrelation were identiﬁed in
the autocorrelation plots for the posterior inferences (data not
shown).
Discussion
Eradication of ASF in Sardinia seems to be far of being accom-
plished. From 1993 to 1998, the number of ASF outbreaks, which
were mainly concentrated in the province of Nuoro, started to
decrease, reaching minimum levels in 1999 but, in 2005 a large
number of outbreaks were declared in Oristano province and
in other areas outside the historical risk area of Nuoro, which
emphasized the need to improve eradication eﬀorts. The study
presented here was aimed to better understand the nature and
extent of epidemiological risk factors for ASFV occurrence in
Sardinia in the last 15 years, after the beginning of the eradication
plan in 1993.
An unexpected result of the model indicated that the num-
ber of conﬁned (closed) farms was associated with high risk of
occurrence of ASFV. This relation may be either the eﬀect of a
high detection and/or notiﬁcation of outbreaks in those types of
farms, or the consequence of risky management practices, par-
ticularly in small-size back yard closed farms, such us the use
of waste containing pork products to feed pigs. These results
may be in agreement with the hypothesis presented in previ-
ous studies by Mannelli et al. (1997), suggesting that the use of
garbage to feed pigs was the main way of ASF infection in small
farms in Sardinia. It should be noticed that most of the con-
ﬁned farms in Sardinia are small size with poor or no biosecurity
measures that favors the access of pigs to contaminated waste
food or the contact between infected and susceptible individu-
als. Only a limited number of those conﬁned farms are large size
and have an intensive type of production and high biosecurity
level.
The number of open fattening farms was also consid-
ered to be a risk factor (OR = 1.49) for the occurrence of
ASFV. This may be associated to a greater stocking density,
higher/more frequent introduction of pigs on farm or other hus-
bandry practices related to this production system. However,
this result may also reﬂect one of the hypotheses suggested
by regional authorities (Sardegna Salute, 2011) regarding the
intentional introduction of the disease into some areas. The sys-
tem of farmer’s compensation after an ASF-outbreak in Italy,
which is regulated by the Law n.218/88 (available for exam-
ple at: http://www.codima.info/trunk/nor_ﬁle_39_l218-88.pdf),
essentially provides to the breeder the 100% of the value of
slaughtered animals, calculated on the basis of the pig market of
Modena (Borsa Merci di Modena, 2011). The value of the slaugh-
tered animals, considered reasonable in relation to animals kept
in industrial breeding farms, in some cases may be excessive for
Sardinian pigs, bred using non-professional type of farming, and
mainly when referring to fattening pigs. In such cases, the possi-
bility to receive an extra-proﬁt from the compensation has been
suggested to be an incentive to intentionally introduce the disease
in their herds for speculative purposes.
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FIGURE 3 | Epidemic curve of the ASF notified outbreaks in Sardinia from 1993 to 2009.
It is also noteworthy that communes in which the proportion
of areas suitable for wild boar presence, the number of open farms
for self-consumption, the number of farms with incoming or out-
going pig movements, the herd size, or the pig density was above
the median of all communes were at low risk (although not signif-
icant) for ASFV, as indicated by ORs values <1 (Table 2). These
results suggest, that the role that wild boars play in causing ASF
outbreaks is not crucial in Sardinia, which is in agreement with
previous studies (Laddomada et al., 1994; Mannelli et al., 1997,
1998). Actually, it has been suggested that wild boars are often
infected from domestic pigs in open grazing areas. This hypoth-
esis is supported by the progressive disappearance of classical
swine fever and ASF in wild boar only by controlling the graz-
ing of domestic pigs, and by the time sequence of the reports
of disease, which occur ﬁrst in domestic pigs and after in wild
boars. However, the potential role of wild boars as reservoir of
the disease during short time periods is largely unknown and
it has been suggested to be conditioned by several factors such
as population dynamics, hunting pressure, and climatic factors
such as ﬁres and drought (Sardegna Salute, 2011). Therefore, wild
TABLE 2 | Beta coefficients and Odds ratios for the best fitting model.
Variable Beta OR
Median 95% PI Median 95% PI
The proportion of open farms with at least one census (B) −0.84i,ii [−1.63, −0.08] 0.43i,ii [0.20, 0.93]
The number of confined/closed farms (S) 0.79i,ii [0.21, 1.42] 2.21i,ii [1.23, 4.13]
Open farm density (number of farms/ Km2) (B) −0.61 [−1.41, 0.15] 0.55 [0.24, 1.16]
The density of roads (S) 0.52i,ii [0.03, 1.05] 1.69i,ii [1.03, 2.84]
The mean altitude (S) 0.70i,ii [0.15, 1.27] 2.01i,ii [1.16, 3.55]
The proportion of areas suitable for wild boar presence (B) −0.25 [−1.09, 0.55] 0.78 [0.34, 1.73]
The number of open fattening farms (S) 0.40ii [−0.07, 0.90] 1.49ii [0.93, 2.47]
The total number of pigs (S) 0.45ii [−0.10, 1.03] 1.56ii [0.91, 2.80]
The number of open farms for self-consumption (S) −0.09 [−0.60, 0.43] 0.91 [0.55, 1.54]
The number of farms with incoming or outgoing pig movements (B) −0.29 [−1.05, 0.45] 0.75 [0.35, 1.58]
The total number of open farms (B) −0.36 [−1.17, 0.41] 0.69 [0.31, 1.51]
Proportion of open farms (number of open farms/total farms; B) −0.69ii [−1.50, 0.08] 0.50ii [0.22, 1.08]
The mean farm size (number of pigs/number of farms; B) −0.38 [−1.18, 0.42] 0.69 [0.31, 1.52]
Pig density (number of pigs/Km2 ; B) −0.31 [−1.09, 0.47] 0.74 [0.34, 1.60]
The total number of pigs (S) × The density of roads (S) 0.29 [−0.18, 0.78] 1.33 [0.84, 2.19]
The total number of pigs (S) × The mean altitude (S) 0.06 [−0.37, 0.52] 1.06 [0.69, 1.68]
B, Binomial variable (codification 0/1 using median); S, Standardized variable.
iSignificant coefficients of the best fitting model using the 95% prediction interval and iithe 90% prediction interval.
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FIGURE 4 | Spatial distribution of the significant variables included in
the final model. Maps represents: (A) the proportion of open farms with at
least one census, (B) the number of confined (closed) farms, (C) the density of
roads, (D) the mean altitude, (E) the number of open fattening farms, (F) the
total number of pigs and (G) the proportion of open farms. Jenks natural breaks
classification method was used for categorization of quantitative variables (B–F).
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FIGURE 5 | Posterior (predicted) probability of ASF outbreaks in
Sardinia obtained with the final model. Jenks natural breaks classification
method was used for selection of the cut-offs of the categories.
boards demographics should not be neglected in the design of an
eﬀective eradication program in areas where extensive farming is
practiced.
The association between the total number of pigs, the den-
sity of roads and the ASFV occurrence per commune may be
explained, at least in part, by a higher risk of infection thought
vehicles or other transport-associated fomites in those areas.
Other possible explanation may be the potential illegal trade
of pigs, in agreement with some speculations (Sardegna Salute,
2011). Similarly, the association between ASFV occurrence, small
number of pigs and high altitude per commune may have three
alternative explanations. One potential explanation is that there
is a longer persistence of the virus in the environment in those
mountainous areas. A second one may be that not easily accessi-
ble areas located at high altitudes have low biosecurity measures
and less control by veterinary authorities, which increases the
risk for ASFV infection. Alternatively, another explanation may
be that those remote areas are more likely to introduce illegal
pigs (not declared/not censed). In any case, it is interesting to
note that those remote areas with low number of pigs are at
higher risk for ASF than other areas of the Island. This result
highlights the importance of increasing eﬀorts not only to con-
trol the population of pigs (reducing the illegal pigs) but also
to regulate the contact among pig populations in those territo-
ries. In this regard, it could be very important to increase the
FIGURE 6 | Spatially structured random effects included in the final
model for ASF in Sardinia. Jenks natural breaks classification method was
used for selection of the cut-offs of the categories.
surveillance in the “terre pubbliche” or “pascoli comunali,” which
are open areas that farmers can freely use to allocate and feed
their animals (including pigs), and which may promote the ASFV
transmission. Those open areas not only have low biosecurity
and are diﬃcult to disinfect and control, in case of ASF infec-
tion, but also are places where pigs may easily contact with swill
feeding or waste coming from picnics and other celebrations
there.
Conversely, the proportion of open farms with at least one
census in the commune was the most signiﬁcant protective fac-
tor (OR = 0.43). Notice that censed farms are those in which the
number of pigs on farm has been provided either by the farmer or
by the veterinary authority. Consequently, communes with most
of their farms censed (i.e., controlled by the veterinary authority)
are less likely to have ASF outbreaks than not censed (i.e., unsu-
pervised) farms. This relation may suggest that communes with a
large proportion of not censed farms are more likely to have ille-
gal pigs and/or risky management practices, and, in consequence,
more ASF outbreaks than communes with a large proportion
of censed farms. This result highlights the importance that rel-
atively simple measures, such as a compulsory registration of the
pig population, may have in the control ASF in Sardinia. Results
suggest that such measure may, for example, help to reduce the
number of farms holding illegal pigs, and consequently, risky
farm practices that promote ASF spread.
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Counter-intuitively, farms for self-consumption as well as
areas with high pig density and large herd sizes and intense
trade/movement of animals, seem to have less risk of ASFV
occurrence than the background risk of the region. This ﬁnd-
ing may reﬂect that those types of farms have less contact with
infected domestic pigs or pig products as a result of less trade,
in the case of farms for self-consumption, or higher biosecurity
measures, in the case of large/industrial pig farms.
In addition, unmeasured risk factors are likely associated with
ASF in Sardinia as it has been suggested by the S and U com-
ponents of the model. Spatial structure random eﬀect (S) was
considerably higher than unstructured eﬀect (U). It means that
these unmeasured factors are speciﬁcally spatial located, mainly
in east part of the Island, and could be related, at least in part, with
characteristic cultural and local pig husbandry management asso-
ciated to speciﬁc areas. These factors could be associated with the
illegal presence of pigs or pig trade, or the use of waste containing
raw pork to feed of pig, which are factors diﬃcult to estimate and
for which not much information is available.
Unfortunately, information on the value of covariates prior to
2009 was not available to us and for that reason, an assumption
of this study is that values recorded in 2009 are representative of
the entire period. Also, certain data such as the number of pigs or
number of pig farms were aggregated to the commune level and
that some variables such as roads or water areas were polylines
and had also to be transformed to the commune level. In gen-
eral, aggregating data may lead to potential ecological bias. This
study used the smallest unit of analysis to reduce this potential
ecological bias and to facilitate the decision making process in the
control and eradication of the disease. In this regard, commune
was assumed to be the best level of aggregation as it is relatively
small (median = 64 km2) and it is the unit of analysis and pol-
icy making used in the ASF eradication plan (Decreto assessore
igiene sanita’ 6 luglio 2010, n. 33/1302, 2011).
Conclusion
Future eradication programs should reinforce the compul-
sory registration of the pig population in Sardinia and the
surveillance and control measures in those “terre pubbliche”
or “pascoli comunali” used by pigs. Those measures will
help to reduce the number and trade of illegal pigs and
to minimize the ASFV transmission in the Island. Results
presented here suggest that it is fundamental to adapt the
ASF preventive and control strategies considering all risk fac-
tors as well as the socio-cultural, productive and econom-
ical conditions of the region, in order to eradicate ASF
from Sardinia and to achieve the ultimately goal of erad-
icating the disease from the EU and other regions of the
world.
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